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The conserved HIV-1 site of coreceptor binding is protected from antibody-directed neutralization by conformational and steric
restrictions. While inaccessible to most human antibodies, the coreceptor site has been shown to be accessed by antibody frag-
ments. In this study, we used X-ray crystallography, surface plasmon resonance, and pseudovirus neutralization to characterize
the gp120-envelope glycoprotein recognition and HIV-1 neutralization of a heavy chain-only llama antibody, named JM4. We
describe full-length IgG2b and IgG3 versions of JM4 that target the coreceptor-binding site and potently neutralize over 95% of
circulating HIV-1 isolates. Contrary to established trends that show improved access to the coreceptor-binding region by smaller
antibody fragments, the single-domain (VHH) version of JM4 neutralized less well than the full-length IgG2b version of JM4.
The crystal structure at 2.1-Å resolution of VHH JM4 bound to HIV-1 YU2 gp120 stabilized in the CD4-bound state by the CD4-
mimetic miniprotein, M48U1, revealed a JM4 epitope that combined regions of coreceptor recognition (including the gp120
bridging sheet, V3 loop, and �19 strand) with gp120 structural elements involved in recognition of CD4 such as the CD4-bind-
ing loop. The structure of JM4 with gp120 thus defines a novel CD4-induced site of vulnerability involving elements of both co-
receptor- and CD4-binding sites. The potently neutralizing JM4 IgG2b antibody that targets this newly defined site of vulnerabil-
ity adds to the expanding repertoire of broadly neutralizing antibodies that effectively neutralize HIV-1 and thereby potentially
provides a new template for vaccine development and target for HIV-1 therapy.

Entry of human immunodeficiency virus type 1 (HIV-1) into
host cells requires its gp120 envelope glycoprotein to en-

gage the cell surface CD4 receptor and a coreceptor, either
CCR5 or CXCR4 (reviewed in reference 1). Although gp120
shows high variability, functional constraints require conser-
vation of receptor-binding sites, making them targets for neu-
tralizing antibodies. The initial site of CD4 engagement is ex-
posed on the viral spike (2), thereby creating a region of
vulnerability for naturally elicited antibodies (3), making the
CD4-binding site an attractive target for vaccine design.
The coreceptor-binding site, on the other hand, is occluded in
the native viral spike by a number of viral defense mechanisms,
including conformational masking (4) and steric constraints
(5), and it presents itself on the viral surface only following
CD4 engagement of the virus (6). Antibodies that bind this
region, commonly known as CD4-induced (CD4i) antibodies,
show high-affinity binding to monomeric gp120 and neutralize
tier 1 HIV-1 isolates but are unable to neutralize tier 2 isolates
(4, 5, 7) unless administered in combination with CD4 (6, 8).
Therefore, despite a high degree of conservation (6, 9), the
coreceptor-binding region of gp120 has not been considered a
viable vaccine target.

In a recent study aimed at eliciting neutralizing antibodies by
immunizing llamas with HIV-1 envelope immunogens, a single-
domain antibody, JM4, was isolated and was found to neutralize
HIV-1 isolates from four different clades and bind to gp120 in a
CD4-dependent manner (10). JM4 binding to monomeric gp120
was enhanced by CD4, and it competed with CD4i antibodies 17b
and X5 for binding to HIV-1 Env, suggesting that JM4 targets the

CD4i site of coreceptor engagement on the HIV-1 envelope gp120
glycoprotein. JM4 binding to YU2 gp120 minimal core (coremin)
(Fig. 1A) (11) was enhanced more than 10-fold in the presence of
soluble CD4 (sCD4), a behavior typical of antibodies targeting the
CD4i region of coreceptor binding on gp120 (see Fig. S1 in the
supplemental material) (7, 12). JM4 also competed with CD4-
binding site antibody b12 for binding to gp120 (10). Surprisingly,
JM4 binding to gp120 was not affected by the I420R mutation (10)
at the gp120 coreceptor-binding site that knocks out binding to
CCR5 and known coreceptor binding site-targeting CD4i anti-
bodies (9, 13). JM4 binding is also not affected by the D368R
mutation that knocks out gp120 binding to CD4 and most known
CD4-binding site antibodies (10). These data suggested a novel
epitope for JM4 that has elements of the CD4i- and CD4-binding
site but also differs from each. In this study, we have structurally
defined the JM4 epitope on gp120 and have characterized its
HIV-1 neutralization properties. Since antibody size has been
shown to be a major determinant of virus neutralization at the
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HIV-1 coreceptor-binding site (5), with smaller fragments achiev-
ing greater potency, we have engineered full-length IgG2b and
IgG3 versions of JM4 and have measured their ability to neutralize
HIV-1.

MATERIALS AND METHODS
Protein expression, purification, and complex preparation. JM4 was
purified as previously described (10). HIV-1 clade B YU2 gp120 coree was
expressed, purified, and deglycosylated as previously described (14).
M48U1 was synthesized by solid-phase methods as described previously
(15). The gp120-M48U1-JM4 complex was formed in two sequential
steps, first by mixing deglycosylated gp120 with M48U1 (1:2 molar ratio)
and then by mixing the gp120-M48U1 complex with JM4 (1:2 molar
ratio), purifying the complex at each step by size exclusion chromatogra-
phy (Hiload 26/60 Superdex S200 prep grade; GE Healthcare) with buffer
containing 0.35 M NaCl, 2.5 mM Tris (pH 7.0), and 0.02% NaN3. Frac-
tions with gp120-M48U1-JM4 complexes were concentrated to �10
mg/ml and used for crystallization experiments.

Crystallization and X-ray data collection. Initial screening for crys-
tals was performed in robotic vapor diffusion sitting drop trials with the
commercially available screens Hampton Crystal Screen (Hampton Re-
search), Precipitant Wizard Screen (Emerald BioSystems), and Synergy

Screen (Emerald BioSystems). Initial crystals obtained were reproduced
and optimized using the hanging-drop vapor diffusion method with
drops consisting of 0.5 �l protein and 0.5 �l precipitant solution equili-
brated against a 500-�l reservoir volume at room temperature. Initial
crystals obtained in polyethylene glycol (PEG) 3000 (28%, wt/vol), 0.2 M
lithium sulfate monohydrate, and 0.1 M imidazole (pH 8) diffracted to
4.0-Å resolution. Additive screening was performed to improve diffrac-
tion quality. 6-Aminohexanoic acid (30%, wt/vol) added to the condition
mentioned above resulted in crystals that appeared after 40 days and dif-
fracted to 2.1 Å. Diffraction data were collected under cryogenic condi-
tions using 30% ethylene glycol as a cryoprotectant. X-ray diffraction data
were collected at ID-22 beamline (SER-CAT) at the Advanced Photon
Source, Argonne National Laboratory, with 1.0000-Å radiation, pro-
cessed, and reduced with HKL2000 (16).

Structure determination and refinement. The crystal structure of the
gp120-M48U1-JM4 complex was solved by molecular replacement using
Phaser in the CCP4 program suite (49). The structure of YU2 gp120
bound to CD4-mimetic miniprotein M48U1 (Protein Data Bank [PDB]
code: 4JZZ) was used as a search model. Refinement was carried out with
PHENIX (17). Starting with torsion angle-simulated annealing with slow
cooling, iterative manual model building was carried out on COOT (18)
with maps generated from combinations of standard positional, individ-

FIG 1 Crystal structure of llama single-domain CD4i antibody JM4 in complex with HIV-1 YU2 gp120 and CD4-mimetic miniprotein M48U1. (A) JM4 binding
to gp120 was measured by surface plasmon resonance, in the absence (top) and presence (bottom) of soluble, two-domain CD4. YU2 coremin gp120 was used for
the SPR assays. The coremin (minimal core) gp120 construct has a GAG linker replacing V3 residues 297 to 330. gp120 coremin requires CD4 engagement to form
the CD4-induced (CD4i) site for binding to coreceptor-binding site-targeting CD4i antibodies. (B) Single-domain antibody JM4 (red) uses its CDR H1 (slate
blue), CDR H2 (pale pink), and CDR H3 (wheat) loops to interact with gp120. The V3 region (orange), bridging sheet (cyan), CD4 binding loop (green), and
glycan at position 386 (magenta) of HIV-1 gp120 (gray) interact with JM4. The CD4-mimetic miniprotein M48U1 is colored yellow. The coree (extended core)
version of YU2 gp120, which has a GGSGSG linker replacing V3 residues 302 to 323, was used for crystallization. This linker was not visible in the electron density
map and is indicated by an orange dashed line. (C) Surface area buried at different gp120 structural elements in the gp120-JM4 complex.

Acharya et al.

10174 jvi.asm.org Journal of Virology

http://jvi.asm.org


ual B-factor, translation/libration/screw (TLS) refinement algorithms,
and noncrystallographic symmetry (NCS) restraints. Ordered solvents
were added during each macrocycle. Throughout the refinement pro-
cesses, a cross validation (Rfree) test set consisting of 5% of the data was
used, and hydrogens were included as a riding model. Structure valida-
tions were performed periodically during the model building and refine-
ment process with MolProbity (19) and pdb-care (20). X-ray crystallo-
graphic data and refinement statistics are summarized in Table S1 in the
supplemental material.

Protein structure analysis and graphical representations. All super-
positions were performed using lsqkab in CCP4. PISA (21) and NCONT
were used to perform protein-miniprotein interface analysis. All graphical
representations with protein crystal structures were made with PyMOL
(www.pymol.org). Per-residue buried surface area on gp120 for the dif-
ferent antibody complexes was computed as the difference between the
solvent-accessible area for each gp120 residue in the complex structure
versus the solvent-accessible area for the same residue in the unbound
gp120 structure (obtained by removing the antibody from the input com-
plex structure). Naccess (22) was used for computing solvent-accessible
areas. The Spearman correlation coefficient was used for computing the
correlations between per-residue buried surface areas for the different
antibodies; only gp120 residues found in at least one epitope (i.e., gp120
residues with nonzero buried surface area for at least one antibody) were
included in the correlation computation.

Surface plasmon resonance (SPR). Experiments were carried out on a
Biacore 3000 or Biacore T200 instrument (GE Healthcare). Antibody was
covalently coupled to a CM5 chip at 200 resonance units (RU), and a
blank surface with no antigen was created under identical coupling con-
ditions for use as a reference. gp120, alone or in the presence of 3 molar
excess amounts of soluble, two-domain CD4, was injected over the im-
mobilized antibodies and reference cell at 50 �l/min, using 10 mM HEPES
(pH 7.4), 150 mM NaCl, 3 mM EDTA, and 0.05% polysorbate 20 (HBS-
EP�) as a running buffer. The data were processed with SCRUBBER-2
and double referenced by subtraction of the blank surface and a blank
injection (no analyte). Binding curves were globally fit to a 1:1 binding
model.

Assessment of HIV-1 neutralization. Neutralization was measured
using single-round-of-infection HIV-1 Env pseudoviruses and TZM-bl
target cells, as described previously (23, 24). Neutralization curves were fit
by nonlinear regression using a 5-parameter hill slope equation as de-
scribed. The 50% inhibitory concentrations (IC50) were reported as the
concentrations required to inhibit infection by 50%.

Protein structure accession number. Atomic coordinates and struc-
ture factors have been deposited in the Protein Data Bank under accession
number 4LAJ.

RESULTS
Crystal structure of gp120 bound to JM4. Mutagenesis, compe-
tition enzyme-linked immunosorbent assay (ELISA) data (10),
and the gp120 binding profile (Fig. 1A) have suggested that JM4
binds to a novel epitope that includes the coreceptor-binding re-
gion of gp120. Interpretation of such data, however, can be con-
founded by conformational effects, with mutations outside the
epitope affecting antibody binding. Also, in a competition exper-
iment, binding of gp120 to the antibody of interest might be pre-
vented by an antibody that binds to a different epitope if the two
bind different and mutually incompatible gp120 conformations.
For instance, based on mutagenesis and competition data, anti-
body VRC06 was initially thought to recognize a dual epitope
comprising the CD4- and coreceptor-binding sites (25). VRC06
was later shown by structural analysis and neutralization finger-
printing to belong to the VRC01 class of CD4-binding site anti-
bodies (26). To gain atomic-level structural information on the
gp120 epitope of JM4, we crystallized JM4 in complex with a vari-

FIG 2 JM4 epitope on gp120 includes elements of the coreceptor-binding site
and critical elements of the CD4-binding region. Shown are details of JM4
interaction with different gp120-binding regions. The JM4 CDR H1 (slate)
and CDR H3 (wheat) loops make hydrogen bonds and hydrophobic interac-
tions with the gp120 bridging sheet (cyan) (A), the JM4 CDR H2 loop (pink)
interacts with the gp120 V3 loop (orange) (B), and the JM4 CDR H3 (wheat)
loop interacts with the gp120 CD4 binding loop (green) and NAG 386 (ma-
genta) (C). Blue dashed lines indicate hydrogen bonds.
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able loop-truncated version of YU2 gp120 (YU2coree) (14).
YU2coree-M48U1-JM4 crystallized in the P21 space group (see
Table S1 in the supplemental material), with four complexes in the
asymmetric unit, and diffracted to 2.1 Å. The structure showed
JM4 bound to an epitope spanning the gp120 bridging sheet, V3
loop, and the CD4 binding loop (Fig. 1B and C and 2; see also
Tables S2 to S4). The JM4 complementarity-determining regions
(CDRs)—CDR H1, CDR H2, and CDR H3—interacted with
gp120, with CDR H3 accounting for about 60% of the total anti-
body interaction surface. No interactions were observed between
JM4 and the 3-kDa CD4-mimetic miniprotein M48U1, which was
used as a CD4 surrogate in the crystallization experiments.

JM4 interacts with the gp120 coreceptor-binding region. The
gp120 coreceptor-binding region extends from the bridging sheet
to the V3 loop (9, 13, 27). JM4 interacts with the gp120 bridging
sheet with its CDR H3 and CDR H1 loops (Fig. 2A). JM4 CDR H3
interacts via a salt bridge (between Asp111JM4 and Lys432gp120),
hydrogen bonds (between the side chains of Asp111JM4 and
Asn425gp120 and between the Asp99JM4 side chain and Gln422gp120

main chain nitrogen), water-mediated hydrogen bonds (between
the Asp111JM4 side chain and Ile423gp120 main chain carbonyl),
and hydrophobic interactions (between the side chains of
Tyr112JM4 and Ile423gp120) (for clarity, residue numbers are sub-
script labeled with the macromolecule of which they are a part).
Ile423gp120 and Met434gp120 also make hydrophobic contacts with
Phe27JM4 and Tyr32JM4 from the CDR H1 loop. The side chain of
Gln422gp120 hydrogen bonds with the main chain carbonyl of
Tyr31JM4. These extensive bridging sheet interactions are reminiscent
of the interactions of CD4i antibodies with gp120 (27–31) and agree
with biochemical data that demonstrate the requirement of an assem-
bled CD4-induced epitope for JM4 binding (Fig. 1A) (10).

JM4 interactions with the gp120 V3 loop are mediated by its CDR

H2 loop (Fig. 2B). Arg327gp120 makes a salt bridge with Asp53JM4 and
a hydrogen bond with the side chain hydroxyl group of Ser52JM4. In
addition, Tyr59JM4 makes a hydrogen bond with Gly324gp120 and
hydrophobic interaction with the alkyl region of the Asp325gp120 side
chain. In summary, JM4 interacts extensively with the coreceptor-
binding region of gp120, making contacts with residues that are
known to be critical for coreceptor binding (9, 28).

JM4 interacts with the gp120 CD4-binding region. The CD4
binding loop is a central feature of the CD4-binding site and con-
tains elements critical for binding to CD4 and CD4 binding-site
antibodies (2, 30, 32, 33). JM4 CDR H3 makes hydrophobic in-
teractions with residues Pro369gp120, Val372gp120, and Thr373gp120

in the gp120 CD4 binding loop (Fig. 2C) and hydrophobic and
hydrogen bonding contacts with the glycan at Asn386gp120. This
interaction is reminiscent of the CD4-binding site antibodies b12
and b13, which also interact with the glycan at Asn386gp120 (2, 32).

Therefore, JM4 interacts with critical structural elements in the
CD4-binding region of gp120, although its binding remains com-
patible with CD4 binding to gp120 as shown by SPR assays, which
demonstrate binding of JM4 to gp120 in the presence of CD4.

JM4 targets a hybrid epitope on gp120 that combines ele-
ments from both the CD4-binding region and the coreceptor
binding surface. To place the JM4 epitope on gp120 in the context
of epitopes of known binders, we analyzed the extent of overlap of
the JM4 epitope with molecules that target the CD4-binding site
and those that target the coreceptor-binding regions, using mul-
tiple complementary approaches. In the first approach, the over-
lap of the JM4 epitope on gp120 with the binding surfaces of
CD4-binding site molecules CD4, VRC01, and b12 (2, 30, 33) and
CD4i antibodies 17b, 48d, X5, and 412d (27, 28, 30, 31) were
plotted on the JM4-bound gp120 surface (Fig. 3). The binding
surfaces of each ligand were defined as the region on gp120 within

FIG 3 Comparison of JM4 epitope with that of other molecules that target the CD4 and coreceptor binding surfaces on gp120. Shown is the overlap of the JM4
footprint with binding surfaces of CD4-binding site molecules (top) and CD4i antibodies (bottom). The footprints of the antibodies are projected onto the
JM4-bound gp120 structure, shown as a gray surface with the CD4-binding site antibody footprints colored lime green and the CD4i antibody footprints colored
cyan. The region of overlap of JM4 footprint with that of each antibody is colored deep purple. M48U1 is shown in yellow.
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5 Å of the binding partner and were plotted on the surface of
JM4/M48U1-bound gp120. Among the CD4-binding site ligands
analyzed, the b12 epitope overlapped most extensively with that of
JM4. This is consistent with the observation that b12 competes
with JM4 for gp120 binding (10). The JM4 epitope shows very
little overlap the VRC01 epitope or the CD4 binding surface, al-
though the binding surfaces are in close proximity. This is consis-
tent with the observation that JM4 binding does not compete with
CD4 binding. In a second, more quantitative approach, per-resi-
due buried surface area was calculated for each gp120 residue
involved in an interaction (Fig. 4). Correlations between per-res-
idue buried surface areas were calculated for each pair of antibod-
ies. The correlations sorted into two groups—the CD4-binding
site group and the CD4i group—showed strong intragroup and
weak intergroup correlation. JM4 showed strong correlation with
the CD4i group and also showed a small correlation with two
CD4-binding site antibodies, b12 and b13 (2, 32).

Figure 4B presents a graphical representation of the binding
footprint of each molecule on gp120 sorted by gp120 region, and
it shows that JM4 shares binding features of both CD4i antibodies,
such as contacts at the V1/V2 stem, the �20-21 strand, and the V3
loop, as well as the binding features of CD4-binding site molecules
such as contacts at the CD4-binding loop and NAG 386. Taken
together, these results reveal a CD4i epitope extending toward and
making additional contacts with the gp120 CD4 binding loop.

HIV-1 neutralization. To quantify overall neutralization
breadth and potency of JM4, we assessed HIV-1 neutralization by
JM4 on a panel of 30 HIV-1 isolates from different clades (Fig. 5;
see also Table S5 in the supplemental material). These included 12
viruses that are resistant to the broadly neutralizing CD4-binding
site antibody VRC01. JM4 showed neutralization breadth and
geometric mean IC50 of 60% and 1.12 �g/ml, respectively (Fig.
5B). JM4 neutralized HIV-1 with greater efficacy than known hu-
man CD4i IgGs as well as their antigen binding (Fab) fragments
(see Table S6 in the supplemental material).

It is known that size plays a critical role in determining neu-
tralization efficacy at the gp120 coreceptor-binding region (5),
with smaller antibody fragments showing greater neutralization
than full-length IgGs. In a study done with human single-domain
CD4i antibody m36, it was observed that IgG variants of this an-
tibody showed reduction in overall neutralization efficacy, al-
though some strain dependence was observed, with 3 isolates neu-
tralized similarly by both the single-domain and the IgG versions
of m36 (34). To assess the effect of size in targeting this newly
defined hybrid epitope, we grafted JM4 on an IgG2b or IgG3 scaf-
fold that has a 29- and 12-amino-acid-long hinge region, respec-
tively (Fig. 5A) (35). Interestingly, and contrary to what we had ex-
pected, both IgG2b and IgG3 showed dramatic improvement in
breadth and potency, with IgG2b neutralizing all but one virus in the
30-isolate panel, with an overall geometric mean IC50 of 0.38 �g/ml

FIG 4 Comparison of per-residue buried gp120 surface area upon binding of JM4 and a set of CD4i and CD4-binding site (CD4bs) antibodies. (A) Correlation
of per-residue buried gp120 surface area for each antibody pair. The Spearman correlation coefficients are shown, with coefficients between 0 (white) and 1 (pink)
shown as a heat map. (B) Heat map of the per-residue buried gp120 surface area for each antibody (y axis). Each residue (x axis) is colored according to magnitude
of buried gp120 surface area, ranging from blue (low) to red (high), while residues not part of the epitope for a given antibody are colored in white. gp120 regions
of interest are highlighted in gray.
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(Fig. 5B). To obtain a comprehensive estimate of its neutralization
efficacy, we tested JM4 IgG2b on an expanded panel of 195 HIV-1
isolates and found that it was near-pan reactive, neutralizing 96% of
the panel with a geometric IC50 mean of 0.21 �g/ml (Fig. 5C).

The crystal structure of JM4 bound to gp120 shows that JM4
interacts with the glycan at position N386 (Fig. 3C). Since approx-
imately 17% of the HIV-1 isolates tested in this study lacked a
glycan at this position (see Table S7 in the supplemental material),
we asked whether the presence or absence of a glycan at position
386 affected the neutralization sensitivity of the virus. We found
no significant difference in the neutralization sensitivities between
viruses that have a glycan at position 386 and those that do not (see
Fig. S2 in the supplemental material), suggesting redundancy in
the JM4 interactions with HIV-1 gp120, with loss of the interac-
tion at glycan 386 still allowing antibody binding to HIV-1 enve-
lope, leading to virus neutralization.

Taken together, these results show that the JM4 epitope on the
native HIV-1 spike is accessible not only to a single-domain anti-
body but also to a full-length antibody molecule that is about 7
times its size. Moreover, the full-length, bivalent antibody neu-
tralizes with increased breadth and potency. This is strikingly dif-
ferent from published trends on other known CD4i antibodies,
where smaller antibody fragments show better neutralization than
their full-length IgG counterparts (5, 34).

DISCUSSION

Despite being highly conserved, conformational and steric restric-
tions on the CD4i site of coreceptor engagement on the HIV-1
spike have prevented its utilization as a vaccine target (5). CD4i
antibodies, although reactive to monomeric gp120 and effective
against laboratory-adapted isolates, have generally been ineffec-
tive in neutralizing primary tier 2 HIV-1 isolates (4, 36). In this
study, we have characterized the structural and neutralization
properties of a single-domain CD4i antibody elicited by immu-
nizing llamas. While immunization protocols in humans and
most animal models have generally yielded only partial success
toward eliciting antibodies that neutralize HIV-1 broadly, the
ability of llamas to produce the smaller-size VHH-only antibodies
perhaps lowers the bar for elicitation against neutralization targets
that are protected by various defense mechanisms and allows elic-
itation of antibodies against regions where the requirement for
precise targeting might pose an insurmountable barrier for a full-
length human antibody. Immunizing llamas has consequently
yielded a number of antibodies that neutralize HIV-1 effectively
(10, 37), and these have helped in answering critical questions
related to the epitope landscape on the HIV-1 envelope. Analysis
of broadly neutralizing antibodies isolated from HIV-1-infected
patients suggests that a significant degree of affinity maturation is
necessary to produce effective neutralization (33, 38, 39). Similarly,
CD4-binding site broadly neutralizing antibody J3, isolated from lla-
mas immunized with HIV-1 Env, has been shown to have a shortened
CDR2 as well as 25 separate sites where residues deviate from the
germ line sequence (37). Antibody A12, which is not as potent and
broad as J3, has residue changes at only 10 sites, suggesting a potential
requirement for affinity maturation and recombination for im-
proved breadth and potency of HIV-1-targeting antibodies elicited in
llamas (37). In comparison, JM4 shows 15 amino acid changes from
the germ line (see Fig. S3 in the supplemental material). The CDR2
length of JM4 is similar to that of A12 and two residues longer than
that of J3, and its CDR3, at 15 residues, is shorter than the CDR3 of
both J3 (16 residues) and A12 (17 residues).

Whether JM4-like antibodies that target the CD4i site of core-
ceptor engagement on gp120 and neutralize HIV-1 can be elicited
in humans remains to be determined. Compared to a human an-
tibody, absence of light chain and substitution of the bulky CH1
region by a long and flexible linker in JM4 IgG2b might play a role
is allowing better accessibility to the newly defined epitope. Recent
studies, however, report the isolation of neutralizing antibodies
that target an epitope spanning the CD4i site of coreceptor bind-
ing from HIV-1-infected patients (40). While structural data on
the epitope of these antibodies are not yet available, mutagenesis
results suggest that JM4 shares gp120 binding properties with
these naturally elicited antibodies. Additionally, immunization
studies with animal models have shown that given the right im-
munogen, CD4i antibodies can be elicited with relative ease (7).
Furthermore, the JM4 footprint on gp120 measures about 836 Å2,
similar to the footprints of human CD4i antibodies 17b, 48d, X5,
and 412d, which measure 853 Å2, 771 Å2, 846 Å2, and 1,072 Å2,
respectively (27, 28, 30, 31). Taken together, these results suggest
that JM4-like CD4i antibodies that potently neutralize HIV-1
have potential to be elicited in a vaccine regimen, and the struc-
tural studies described here may allow the design of immunogens
targeting this newly defined epitope on gp120.

Recent studies have highlighted the utility of multiple antibodies

FIG 5 HIV-1 neutralization by single-domain antibody JM4 and its full-length
variants JM4 IgG2b and JM4 IgG3. (A) Schematic representations of JM4, JM4
IgG2b, and JM4 IgG3. (B) HIV-1 neutralization was first assessed in a 30-isolate
panel of viruses. Results are displayed as color-coded dendrograms. Strikingly, the
full-length antibody variants were found to be more potent and broad than single-
domain JM4. (C) The best neutralizer, JM4 IgG2b, was further assessed in a 195-
member representative panel of circulating HIV-1 tier 1 and tier 2 isolates. JM4
IgG2b showed near-pan neutralization with high overall potency.
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FIG 6 Heat map showing neutralization activity of JM4-IgG2b on panels of viruses resistant to known broadly HIV-1-neutralizing antibodies. (A) Viruses
resistant to VRC01. (B) Viruses resistant to PG9. (C) Viruses resistant to PGT128. IC50 are color-coded: red, IC50 � 1.0 �g/ml; yellow, IC50 between 1.0 and 50
�g/ml; white, IC50 � 50 �g/ml.
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targeting different epitopes in overall neutralization potency and
breadth both in passive transfer approaches (41), where antibody
monotherapy is often ineffective due to emergence of resistant iso-
lates (42, 43), and in natural elicitation, where sera with multiple
neutralization specificities contributing to overall efficacy have been
identified (44). While in recent years, a number of broadly neutraliz-
ing antibodies have been identified that target different epitopes on
the HIV-1 spike (38, 39, 45–47), antibodies targeting the CD4i core-
ceptor-binding site have not been part of this repertoire. We found
that JM4 IgG2b was able to potently neutralize HIV-1 isolates that
were resistant to other broadly neutralizing antibodies (Fig. 6). JM4
and its full-length derivative, JM4 IgG2b, have potential applications
in HIV-1 therapy by providing the means to target another site of
vulnerability on the HIV-1 spike.

Size has been a limiting factor toward antibodies targeting the
coreceptor-binding site. While inaccessible to full-length antibod-
ies, the CD4i site of coreceptor binding is accessible to antibody
fragments and small molecules (5, 48). This study demonstrates a
striking enhancement of potency and breadth of JM4 IgG2b ver-
sus single-domain JM4, and thus challenges this established par-
adigm that inversely correlates overall size of the molecule with its
ability to neutralize by targeting this site.

In summary, we have structurally characterized a CD4-induced
epitope with elements of both the coreceptor-binding site and the
CD4-binding site. We have achieved near-pan neutralization by an
engineered full-length derivative of a llama single-headed coreceptor-
binding site-targeting antibody. These findings provide insight into
how ligands that recognize a CD4-induced site of vulnerability might
effectively neutralize HIV-1 and have implications for vaccine devel-
opment and passive HIV therapy.
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